Abstract Tendon and ligament injuries are very common, requiring some 200,000 reconstructions per year in the USA. Autografting can be used to repair these but donor tissue is limited and harvesting leads to morbidity at the graft sites. Tissue engineering has been used to grow simple tissues such as skin, cartilage and bone and due to their low vascularity and simple structure, tendons should be ideal candidates for such an approach. Scaffolds are essential for tissue engineering as they provide structure and signals that regulate growth. However, they present a physical barrier to cell seeding with the majority of the cells congregating at the scaffold surface. To address this we used centrifugation to enhance penetration of tendon-derived cells to the centres of 3-D scaffolds. The process had no apparent deleterious effects on the cells and both plating efficiency and cell distribution improved. After attachment the cells continued to proliferate and deposit a collagenous matrix. Scaffold penetration was investigated using layers of Azowipes allowing the separation and examination of individual leaves. At relatively low g-forces, cells penetrated a stack of 6 Azowipes leaving cells attached to each leaf. These data suggest that cytocentrifugation improves the penetration and homogeneity of tendon derived cells in 3-D and monolayer cultures.
Introduction
It is widely accepted that there is currently a chronic shortage of donated organs for transplantation leading to unnecessary morbidity and loss of life. Furthermore, as life expectancy continues to increase, it is likely that this situation will only become worse. Tissue engineering may provide one solution to this pressing need and in particular, it has been suggested that tissue engineering may be a solution to age-related organ failure (Risbud 2001) . Tissue engineering is often described as ''an interdisciplinary field that applies the principles of engineering and life sciences toward the development of biological substitutes that restore, maintain, or improve tissue function or a whole organ'' (Langer and Vacanti 1993) . A typical scenario is that cells are isolated from a patient's own tissues, expanded in vitro, seeded onto a biocompatible scaffold and then re-implanted into the body. A number of tissue engineered products have now been used successfully in the clinic, most notably bladder (Atala et al. 2006) , skin (Zhu et al. 2005 ) and cartilage (Hollander et al. 2006 ) demonstrating the validity of tissue engineering as a discipline. Thus far, tissue engineering has been found to work best on tissues with relatively simple structure and when the defect to be repaired is small and where there is relatively little or no need for angiogenesis and enervation within the scaffold. Therefore, due to their low vascularity and simple hierarchical structure, tendons and ligaments should theoretically lend themselves well to this form of repair technology (Calve et al. 2004 ).
Tissue engineered tendons or ligaments would be highly desirable. Tendon and ligament injuries are very common, requiring surgical repairs to the rotator cuff (51,000 per annum), Achilles tendon (44,000 per annum), patellar tendon (42,000 per annum) and anterior cruciate ligaments (ACL; 50,000 per annum) in the USA (Butler et al. 2004) . For ACL repair, typically autografts from the patellar or semitendinous tendon are used however, there is a limited source of donor tissue and the operation leads to pain and morbidity at both the donor and graft site. A number of synthetic or semi-synthetic tendons have been used including Gore-Tex (Giorgetti et al. 2001) , Dacron (Nau et al. 2002) , carbon fibres and polypropylene (Silver et al. 1991) . However, despite excellent initial clinical results their long-term durability is poor and they have been largely abandoned. This lack of success is probably due to the failure to recreate the cellular architecture present in healthy tendon tissue and autografts. This has led to the use of scaffolds that support the growth and development of an appropriate cell system-mainly collagen with or without artificial cross-linking (Koob 2002) . A common approach has been to use tendon cells seeded in collagen gels which have then been exposed to cyclic uniaxial strain. This gives rise to constructs that are histologically similar to tendons complete with endotenon and that express a number of genes/proteins typical of tendons (collagen genes I, III, and XII, aggrecan, fibronectin, prolyl hydroxylase, and tenascin) (Garvin et al. 2003) . A number of groups have used mesenchymal stem cells (MSC) to generate tissue engineered tendon constructs. MSC are attractive for tissue engineering purposes as they are multipotential and proliferate extensively in culture. MSC grown in culture can differentiate bone, cartilage, fat, tendon and muscle lineages (Pittenger et al. 1999) . Tissue engineered preparations derived from MSC have been used successfully to regenerate bone defects in vivo in animals and humans (Petite and Hannouche 2002) and more recently, MSC seeded in either collagen gels or Poly-lactide-co-glycolide scaffolds have been used to generate tendon-like constructs that were then used to repair Achilles and patellar tendon defects in rabbits (Juncosa-Melvin et al. 2006a, b; Ouyang et al. 2003) .
Despite being central to the entire tissue engineering process, the successful seeding of donor cells onto scaffolds has received little attention. The cells are required to retain their viability and to be evenly distributed throughout the scaffold and if this is not achieved and then the functional integrity of the tissue engineered construct will be compromised. Historically, the successful coupling of cells to a polymeric scaffold suitable for direct implantation into the body has posed a considerable problem. The scaffold is essential as it mimics the extracellular matrix by providing structural components that can physically support tissue regeneration and chemical signals that direct the proliferation and differentiation of the seeded cells. To be used reliably and successfully in a clinical setting, not only do the most appropriate scaffold materials need to be selected, but also cell seeding and cultivation must be optimised in vitro (Xiao et al. 1999) . Although this might seem trivial, the three dimensional nature of the scaffold material presents a physical barrier to the internal cell seeding and typically the majority of the cells will be concentrated at the surface of the constructs with relatively few cells penetrating to the centre (Ohyabu et al. 2009; Dunn et al. 2006; Lee et al. 2008 ). In the past, gravitational forces have been used to seed cells onto a membrane or into a three-dimensional scaffold. Although this is a cell-friendly procedure, the lack of positive pressure can result in variable cell attachment and a lack of penetration to the centre of the scaffold.
As cytocentrifugation is commonly used for the rapid attachment of cells to microscope slides for fixation and histological analysis, we thought that this might be a possible method to apply a directional force to living cells in vitro and thereby facilitate cell attachment. We hypothesised therefore that the use of cytocentrifugation as a method of attaching cells to membranes or scaffolds would enable more reliable cell seeding to a greater depth of penetration and enable a known quantity of cells to be seeded to a predetermined surface area.
Materials and methods

Reagents and consumables
Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich (Poole, Dorset UK), tissue culture media from Invitrogen (Paisley, UK) and plasticware from Nunc (Nottingham, UK), or Greiner Bio One (Gloucester, UK) and used as supplied.
Tissue samples and cell isolation
Rat tendon samples were collected from male Wistar rats (200-250 g) that were killed according to Home Office regulations by a schedule 1 method. The tails and legs were removed and the tail tendon fascicles and Achilles and patella tendons were dissected from the surrounding tissues under aseptic conditions. The tendons were rinsed in Dulbecco's Modified Eagle's Medium supplemented with 10% newborn calf serum, penicillin/streptomycin and Ultraglutamine (DMEM), and then diced into small pieces and digested in filter sterilised DMEM containing crude collagenase (Sigma Cat. No. C0130, 1 mg/mL). The samples were incubated for 18 h at 37°C with gentle shaking, after which time the majority of the collagen in the sample was digested and the cells freed into the medium. Following digestion, the sample was suspended in medium, filtered through a 70 micron sieve, washed and assessed for cell number. The cells were then either used directly as primary tenocytes or cultured in 75 cm 2 flasks and used as first passage (i.e. secondary) tenocytes.
Cytocentrifugation equipment
The cells were cytocentrifuged onto the membranes or tissue culture scaffolds using a Hettich Rotofix 32 benchtop centrifuge adapted for cytocentrifugation using Hettich Cyto-System chambers. All the cytocentrifugation equipment and the surfaces that the cells were required to be spun onto, were first sterilised using 70% industrial methylated spirits. The surface was placed onto the glass microscope slide and then covered with filter card with a disc removed for cell attachment. The cyto-insert funnel was placed over the surface with the mounted adaptor ring screwed firmly into place (Fig. 1a) . The slide chamber was placed in the centrifuge and the cells were loaded into the chamber by pipetting 500 lL of cell suspension containing 10 5 tenocytes into the funnel (Fig. 1b ) and centrifuged for 5 min at 64 g (Fig. 1c) . Once spun down, the entire Cyto-system chamber was removed intact from the centrifuge and incubated overnight at 37°C at 5% CO 2 to allow the cells to attach. After this overnight incubation, the medium was aspirated and the funnels removed. The surfaces with the cells attached were then transferred to 6 well plates and covered with fresh DMEM, before being returned to the incubator for the duration of the culture period. In parallel to the above, controls were performed in which cells were allowed to settle under the influence of gravity alone but otherwise were treated exactly the same as the cytocentrifuged cells.
Preparation of cell substrates
Monolayer cultures of cells were grown on commercially available 50 lm Polylactic acid (PLA) sheets (average MW 80-100,000; Sidaplax Earthfirst Ò , Northampton). Before use, the sheets were coated with rat tail collagen dissolved in 0.05 M acetic acid at a density of 10 lg/cm 2 . Azowipes TM are commercially available nonwoven viscose rayon tissues that can be conveniently adapted for use as a model 3-D scaffold (Sun et al. 2006 (Sun et al. , 2005 . The sheets have a pore size of 80 lm and are 200 lm thick allowing the fabrication of constructs of known thickness by simply stacking the sheets. Before use, the Azowipe TM sheets were exhaustively washed in cell culture medium to remove all traces of alcohol.
Cell analysis
Total cell number
Total cell number was determined by staining with methylene blue which binds stoichiometrically to basic histone proteins in the nuclei thus staining all cells present in the culture (Currie 1981) . The medium was removed, the plates washed with phosphate buffered saline (PBS) and then fixed with 70% ethanol for 5 min. After fixation, the plates were washed three times with 10 mM borate buffer pH 8.8. Following this, the cultures were stained with methylene blue (1 mg/mL in borate buffer) for 30 min with gentle agitation. After staining, the dye was removed and the plates were again washed three times with borate buffer to remove any excess dye. The cells were then examined microscopically and if necessary total cell number determined by eluting with 1% HCl in ethanol and measuring the absorbance at 630 nm (Currie 1981) .
Collagen deposition
Collagen synthesis and accumulation was demonstrated by staining the cultures with Sirius Red in the presence of saturated picric acid. This assay's specificity for collagen accumulation is based on the molecules linear nature promoting the binding of its six sulphonic acid groups to the basic amino groups present in collagen. By staining in the presence of saturated picric acid largely eliminates the non-specific binding of this dye to other basic proteins, although the reason for this is unclear (Lopez-De Leon and Rojkind 1985) . At the end of the culture period, the wells were washed with PBS and fixed with 70% industrial methylated spirits for 5 min. After fixation, the cultures were washed three times with water, and then stained with a 1 mg/mL solution of Sirius Red in saturated picric acid at room temperature for 30 min with agitation. After this time the dye was removed and the plates washed three times with tap water to remove the unbound dye.
Proliferation
Proliferation was determined by the incorporation of 5-ethynyl-2 0 -deoxyuridine (EdU) into native DNA. EdU (Invitrogen) was added at a final concentration of 50 lM to cytocentrifuged or gravity-driven cultures of tenocytes attached to collagen coated PLA in DMEM and incubated for 4 h. The cells were washed and fixed with 70% ethanol and then rinsed in Tris-buffered saline TBS. The EdU incorporated into the monolayers was then visualized by staining with 50 lM Alexa Fluor 488 (Invitrogen) for 30 min in 100 mM Tris pH 8.5, 1 mM CuSO 4 and 50 mM ascorbic acid. Cells were subsequently washed in TBS and imaged using a dipping lens Zeiss LSM510 NLO upright microscope with an Argon laser to excite the Alexa Fluor at 488 nm.
Data handling and statistical analyses
Data are presented as group means ± standard deviations. At least three replicates of each experiment were performed, and the results presented are representative of these. Where two groups were present, statistical significance was determined using a twotailed T test. For multiple groups, effects across treatment groups were compared by one-way analysis of variance (ANOVA) using Sigmaplot 11 software. If the overall difference was significant, multiple comparisons were performed between groups using an appropriate ad hoc test. Differences are considered significant at a probability of \0.05 on a two tailed test.
Results
Rat tail tendon cells cytocentrifuged onto tissue culture plastic
Initial studies to determine whether the cells could survive the considerable forces exerted during the process were carried out by cytocentrifuging primary tenocytes for 5 min onto standard tissue culture Fig. 1 Loading of cells into cytocentrifuge apparatus. The cytocentrifuge funnel was placed over the material to be seeded and locked into place (a). The cells were then loaded into the chamber (b) and spun down at 64 g for 5 min (c) plastic. 24 h after cytocentrifugation, it was found that the tenocytes had survived the cytocentrifugation process, attaching to the tissue culture plastic, spreading and adopting a fibroblastic morphology typical of tenocytes in culture (Fig. 2) . Plating efficiency, defined as the proportion of cells adhering to the matrix 24 h after plating, was significantly increased in the cytocentrifuged cultures by almost twofold, increasing from 44% in the gravity driven cultures to 85% in the cytocentrifuged cultures (data not shown) and, as might be expected, varying the surface area of the funnel altered the resultant cell density with larger funnels producing lower cell densities (Fig. 2) .
Rat tenocytes cytocentrifuged onto collagencoated polylactic acid Because of their biocompatibility and biodegradability, a large proportion of tissue engineering scaffolds are synthesised from polylactic acid (PLA), polyglycolic acid or mixtures of the two (Athanasiou et al. 1998; Zwingmann et al. 2007; Liu et al. 2010 ). Furthermore, due to its inherent flexibility, PLA membrane lends itself to the study of biomechanical effects on cell growth. However, despite the widespread use of these polymers in tissue engineering, it was found that the cells did not readily attach to PLA membranes in monolayer culture. This was improved to some extent by coating the PLA membranes with collagen although plating efficiency was still low. By applying the secondary tenocytes under centrifugal force, the cells rapidly adhered to the membranes with high efficiency and remained attached (Fig. 3) . Figure 4 shows microscopic views of secondary rat Achilles and patella tendon cells seeded under gravity driven conditions (Fig. 4a-d) . Also shown are macroscopic views of the Achilles tendon cell cultures (Fig. 4e, f) . Together these data clearly demonstrate that the cells attached to the membranes at high density and in a uniform manner and that by using cytocentrifugation, the number of cells attaching is significantly increased.
It was found that cytocentrifugation significantly increased plating efficiency of primary tenocytes from *40 to 88% with some individual cultures showing efficiencies approaching 100% (Fig. 5a ). In addition to this, cytocentrifugation reduced variability in the distribution of cells after plating out. By dividing the culture surface into grids, cell distribution could be determined and the Coefficient of Variation calculated. It was found that after cytocentrifugation both the magnitude and range of the grid standard deviation was reduced significantly (by *60%) (Fig. 5b) and the mean coefficient of Variation reduced by *70% (Fig. 5c ).
Time course of attachment
It was expected that cells cytocentrifuged onto culture surfaces would attach and begin to grow considerably sooner than those allowed to attach under the influence of gravity alone and this was indeed the case. To characterise this further, secondary tendon cells were plated out either with or without cytocentrifugation, the cell supernatant removed after increasing periods of time and the cells were washed, fixed, stained and counted. It was found that the cytospin cells attached rapidly with the majority of the cells attaching during the initial 10 min cytospin period. Allowing the cells to settle further continued to increase the plating efficiency but only by a further 50%. In contrast, the gravity driven cells attached and spread at a much slower rate with less than 25% of cells attaching in the first 10 min after plating. The cells continued to attach over the next 2 h reaching plating almost as high as the cytocentrifuged cells (Fig. 6 ).
Rat tail tendon cells cytocentrifuged onto 3-D Azowipe Ò scaffolds
To generate a viable 3-D construct, cells need to be seeded onto a scaffold such that they reach and attach to the centre of the construct whilst remaining viable. Azowipes Ò are a commercially available nonwoven viscose rayon tissue bonded with a styrene butadiene copolymer. Normally these are impregnated with alcohol and used as bactericidal wipes, however, if the alcohol is removed by exhaustive washing they can be used without further treatment to support fibroblastic cell growth and, if used as a stack, can be easily used to demonstrate penetration through a 3-D scaffold by separating and examining the leaves individually (Sun et al. 2006 (Sun et al. , 2005 . Furthermore, the Azowipes Ò are 200 l thick and scaffolds of known thickness can easily be fabricated by stacking the Azowipes Ò . By using the Azowipes Ò combined in layers as a model, cells could be seeded onto the scaffold and the sheets could subsequently be separated easily for analysis. These cultures were stained with Sirius Red (i.e. for collagen production) instead of methylene blue as, in this case, the methylene blue stains the entire scaffold material rendering the cells invisible. As shown in Fig. 7 , cytocentrifuged primary tendon cells penetrated and attached through to the sixth layer of the Azowipes Ò , and a clear ring of cells is evident on each of the layers. Cell distribution on the Fig. 3 A comparison of cell seeding by cytocentrifugation as compared to gravity. Secondary tenocytes were seeded onto collagen coated PLA at increasing densities, allowed to adhere and spread for 24 h and then cell number determined using the methylene blue assay. Data are presented as mean ± SD. *Denotes significance p \ 0.05 Fig. 4 Photomicrographs of secondary tenocytes attached to collagen coated PLA after attachment under gravity and cytocentrifugation-10 5 cells were seeded into a 3 mm funnel and allowed to attach either under the influence of gravity a patella tendon cells, b Achilles tendon cells or by cytocentrifugation c patella tendon cells, d Achilles tendon cells. Macroscopic views of secondary Achilles tendon cells seeded by e gravity or f cytocentrifugation Azowipes was determined by dividing the individual sheets into 10 grids and determining the cell density in each of the grids. It was found that in the gravity seeded constructs the majority of the cells were localised to the top layer and the number then progressively decreased from layer 1 through to 6. In contrast, the cytocentrifuged cells were distributed evenly between the individual layers (Fig. 8) . ANOVA revealed no significant difference between the different layers of the cytocentrifuged Azowipes whereas a significant difference was found in the gravity seeded Azowipes (p B 0.001). Furthermore, the mean Coefficient of Variation was reduced from 0.62 ± 0.2 for the gravity seeded cells to 0.45 ± 0.1 for the cytocentrifuged cells indicating a reduced grid to grid. i.e. lateral, variability. Microscopic analysis of the Azowipe layers revealed the cells to have become firmly associated with the individual fibres of the Azowipes; this being the case throughout the entire thickness of the construct (Fig. 9) .
Viability of cytocentrifuged cells
It was apparent that collagen continued to be produced and deposited on the Azowipes when the cultures were allowed to continue thus confirming the viability of the cytocentrifuged cells. A comparison of cultures of primary tenocytes grown for 6 or 8 days on Azowipes shows that the cells remain viable on all layers and that more intense collagen staining is seen after the longer culture period, suggesting that the cells continue to produce extracellular matrix once spun onto the scaffold (Fig. 10) . Furthermore, EdU staining of secondary tenocytes seeded onto PLA membranes confirmed that both gravity-seeded and cytocentrifuged cells continued to proliferate at Fig. 5 Effect of cytocentrifugation on primary tenocytes plating efficiency and distribution variability. After plating out, the cultures were divided into grids and the total cells and numbers of cells in each square determined. From this the plating efficiency (a) the intra-grid standard deviation (b) and the mean grid coefficient of variation (c) were determined Fig. 6 Time course of attachment of secondary tenocytes to PLA membrane. Cells were plated out either with or without cytocentrifugation, the cell supernatant removed after increasing periods of time and the cells were washed, fixed, stained and counted. ***denotes significance p \ 0.001 similar rates with 14.7 ± 3.1% and 15.1 ± 1.6% of gravity or cytocentrifugation seeded cells undergoing cell division at any one time, respectively (Fig. 11) .
Discussion
In this manuscript we have shown that a commercially available cytospin apparatus can be used to facilitate the attachment of tendon-derived cells on to tissue culture plastic, PLA sheet and a 3-D cell culture Fig. 7 Depth of cell penetration after cytocentrifugation. A ring of tenocytes is evident on the 1st to 6th layers of Azowipe after staining with Sirius Red (labelled a-f respectively). This demonstrates adherence and growth after penetrating up to 3 mm of Azowipe after centrifugation Fig. 8 Cell distribution after seeding onto Azowipes by gravity (black bars) or cytocentrifugation (grey bars). Individual sheets were divided into grids and the cell density in each of the grids determined microscopically. In the gravity seeded constructs the majority of the cells were localised to the top layer with decreasing numbers thereafter. In contrast, the cytocentrifuged cells were distributed evenly between the individual layers. No significant difference was found between the cytocentrifuged Azowipes whereas a significant difference was found between the gravity seeded Azowipes (ANOVA, p B 0.001). *Denote statistical significance from corresponding gravity control (*p \ 0.05; **p \ 0.01) Fig. 9 Multiphoton image of primary tenocytes attached to Azowipe fibres after cytocentrifugation scaffold. The cells attached with considerably higher efficiency and much more rapidly than when allowed to attach under the influence of gravity alone. After attachment the cells were viable and continued to grow and deposit collagen on the matrix for up to 8 days in culture. The cells were found to penetrate a 3-D matrix (Azowipe) effectively and continued to grow throughout the matrix. Taken together these data suggest that this might well be an appropriate method for the initiation of standard monolayer or 3-D cultures and might also be used to some advantage in more conventional cell culture models.
Experiments which use sufficiently high centrifugal force to separate cellular components based on their relative densities have been used in biological work since used by Gurwitsch in 1904 (Beams et al. 1960) . These pioneering studies demonstrated that this displacement did not noticeably injure the cells or alter Fig. 10 Continued cell viability after cytocentrifugation. Tenocytes were seeded on to Azowipes as described in the text and then fixed and stained with Sirius Red after 6 or 8 days in culture. a-d Shows layers 2-5 respectively after 6 days in culture and e-h show layers 2-5 respectively after 8 days in culture. It was noted that more collagen was deposited after day 8 suggesting continued viability and collagen synthesis their normal development (Beams et al. 1960) . Numerous studies have demonstrated that many cell types are sensitive to external mechanical stimulation, it is therefore intuitive, to assume that top-bottom axial stress exerted on cells during centrifugation also causes changes in cell behaviour. However, all cells are routinely subjected to centrifugal and shear stress daily during the course of normal cell culture manipulation. Li et al. have presented the most up-to-date research into the effects of centrifugal force on osteoblastic cells. They demonstrated that ''usuallyused'' magnitudes of centrifugation caused a temporary and reversible change in cell proliferation and gene expression. After 24 h the cells had returned to their pre-centrifugation profiles and no lasting effect on proliferation or gene expression were seen ). Similarly, Godbey et al. (2004) found that centrifugation at high rotation speeds of around 670 g resulted in cell lysis whereas speeds of up to 280 g produced no lasting damage to the cells. Previously, this group has used centrifugal force to harvest bone marrow cells from rat long bones with no apparent loss of viability (Dobson et al. 1999 ). In the case of the work presented here, rotational speeds were kept to 64 g and so it would seem highly unlikely that the cells would be affected biologically or suffer any damage. Dynamic seeding of cells is not a totally new concept; research by Xiao et al. (1999) supports our work by suggesting that dynamic seeding followed by static cultivation is an appropriate and efficient method of seeding human dermal fibroblasts, by optimising in-growth, homogenous attachment and extracellular matrix production. In their studies, dynamic seeding was achieved by the use of a nonheated magnetic stirrer. Similarly, Godbey et al. (2004) found that the use of centrifugal force via a novel rotor system resulted in superior seeding depths and densities without reducing cellular activity. However, the authors only considered the seeding efficiency over a period of 24 h and did not present data regarding the long-term viability of cultured cells after centrifugal seeding. Here we have shown that the cells do indeed continue to proliferate and synthesise matrix for up to 8 days following centrifugation. Perhaps related to this, Funatsu et al. used cytocentrifugation to seed hepatocytes into holofibres to form hepatocyte-organoids. These were then maintained as part of a continuous flow cultures system and retained viability and liver related function for up to 4 months (Funatsu et al. 2001) . Similarly porcine chondrocytes were seeded centrifugally onto scaffolds to produce meniscus like constructs. This also improved cell penetration and preserved a chondrocytic phenotype (Weinand et al. 2009) . A major benefit of using a modified Cytosystem is that medium continues to flow through the construct (preliminary results suggest *1.5 mL/min) promoting cell penetration. In contrast, where a simple adaptation of a centrifuge tube is used this is not the case limiting penetration and, in the case of Weinand et al. (2009) the constructs were ''flipped'' to assist with penetration.
The successful generation of tissue engineered tendons will rely on the ability of tenocytes to adhere to a scaffold, proliferate, and finally organize the scaffold material or extracellular matrix molecules into a functional tendon. Unfortunately many scaffold materials do not support optimal cell adhesion and therefore need to be modified either by chemical derivatisation or by coating. Collagen coating has been used for many years to promote fibroblastic cell attachment to a variety of supports including titanium (Lowenberg et al. 1988) , hydrogels (Toselli et al. 1984) and tissue culture plastic (Srivastava et al. 1990 ). Qin et al. (2005) suggested that the use of extracellular matrix components as coating proteins 'could be used to promote cell adhesion and enhance (tissue engineering) scaffold performance' and for this reason we looked at the viability of cells cytocentrifuged onto a collagen coated PLA membrane. Fibronectin and type I collagen are both major ECM components in tendons, mediating cell attachment and providing substrates for cell growth in regenerative tendons. The adhesion of tenocytes is determined by their interaction with the ECM and their expression of cell adhesion proteins. Therefore, the coating of tissue engineering scaffolds with ECM components aims at enhancing tenocyte adhesion and proliferation (Qin et al. 2005) . Numerous studies have looked at the effect of different surface coatings for various cell types and this was not the purpose of the current study.
The use of cytocentrifugation dramatically improved the plating efficiency of tenocytes on PLA over and above the effects of collagen coating. This is obviously of major importance both in an academic or clinical setting as the accurate delivery of known numbers of cells is essential for both reproducible experimental procedures and the generation of clinical constructs. When transformed cell lines are used this is not normally an issue as seeding/plating efficiencies are usually very high. This is however, not the case for primary cells where, depending on the cell type and culture conditions, efficiencies of 50-60% are typical and lower efficiencies not unusual (Tanswell et al. 1991; Seo et al. 2002) . With such low plating efficiencies, the number of seeded cells that actually adhere and proliferate under standard culture conditions can at best be estimated. For many applications, this is unimportant however, where absolute cell numbers are calculated, such as in the generation of growth curves, this may significantly affect the outcomes. By applying the cells using centrifugal force the plating efficiency was approximately doubled increasing from 40.2 to 78.9% with some cultures achieving close to 100%. Furthermore, the variability in overall plating efficiency was reduced by 36% and the homogeneity of cell distribution considerably improved with the coefficient of variation reduced by 67%. Taken together this would indicate that cytocentrifugation would improve the reliability and reproducibility of cell cultures by ensuring that a standardised number of cells initiating a cell culture and by ensuring that the spatial distribution of the cells is homogeneous across the culture vessel.
A major aim in the initiation of any 3-D cell culture or tissue engineered construct is the achievement of a uniform distribution of cells in all 3 dimensions. In the past this has presented major problems as cells have tended to be concentrated on the surface of scaffolds and penetration to the centre of the scaffold has been minimal. As tissue engineered constructs become larger this will become more and more of an issue. A number of approaches have been used to address this problem all with some degree of success. These include the use of magnetic particles (Shimizu et al. 2006 (Shimizu et al. , 2007 , perfusion (Dai et al. 2009; Maidhof et al. 2010) , acoustic waves (Bok et al. 2009; Li et al. 2007) and, similar to the approach of this laboratory, centrifugation (Godbey et al. 2004; Roh et al. 2007; Ng et al. 2010) . All of these have demonstrated an improved ability to deliver cells to the centre of 3-D cell culture scaffolds and the choice of method would probably be dependent on other factors including cost, simplicity, selectivity and sterility. Although working on similar principles, the cytospin apparatus that we have chosen to use offers a number of advantages over the other centrifugal approaches described. The components are readily available and constructed to a high standard. The cytospin apparatus used in this investigation offers a number of distinct advantages chiefly in that the funnel used to load the cells is removable and comes in a variety of sizes. This enables the easy removal of scaffolds after cell seeding and some degree of control of seeding density and seeding area. Furthermore, the ease of assembly and disassembly helps to maintain sterility of the construct.
The use of cytocentrifugation as a method of cell seeding may also offer some benefits in conventional monolayer cultures. Although traditional monolayer cell culture has been used successfully for many decades and generated much useful data, there are obvious shortcomings. In the case of tendon cells, the rapid proliferation seen in vitro is in stark contrast to the low proliferative (*5%) index seen under normal physiological situations in vivo (Chuen et al. 2004; Lui et al. 2007; Scott et al. 2007; Wu et al. 2010 ). This may be due to number of factors such as the lack of a matrix/scaffold or quite simply the effect of twodimensional growth. It is well established that monolayer culture has a profound effect on cell growth that can to some extent be reversed by adopting 3-D culture models (LaRue et al. 2004; Mueller-Klieser 1987) . Similarly, preliminary investigations in this laboratory show that monolayer cultures of tendon cells express different cell surface markers compared to those seen in vivo. Another possibility is the inherent selectivity of adherent rapidly proliferating cells in standard monolayer cultures. It is well known in other tissues such as bone marrow that non-adherent cells are necessary for the correct function of the mesenchymal-derived cells Friedenstein et al. 1992; Rickard et al. 1995) . By inducing the cells to adhere by cytocentrifugation this possible culture artefact can be avoided and the behaviour of either adherent cells or adherent plus non-adherent cells observed.
As long as experiments are performed at a small scale (1 cm 3 or smaller) existing equipment can be easily adapted thus minimising costs. It would be expected however, that for large animal or clinic purposes where tissue engineered constructs with dimensions of 2.5-10 cm or more, a suitable custom built apparatus would need to be fabricated. The challenge here would be that cytocentrifugation combines both centrifugation and fluid flow, as the culture medium flows through the construct and the filter to be deposited in the bucket. The centrifugation aspect of this presents few difficulties as centrifugation in litre quantities is relatively commonplace. However, a mechanism would need to be designed allowing the passage culture medium through the construct at a controlled rate. If this could be overcome, the system would present a major advantage over more conventional fluid flow devices as the entire system is selfcontained enabling easy and efficient sterilisation. The system can be assembled and sealed under sterile conditions and then run with minimal risk of contamination. It should be noted however that upscaling would require considerable optimisation with regards to the parameters described above. In particular, it is likely that larger rotors will be used and therefore slower speeds will be necessary to avoid excessive g-forces. Furthermore, seeding onto a 2-5 mm scaffold requires up to 30 min centrifugation. Obviously larger constructs will require considerably longer and conditions will need to be carefully optimised to reduce this to a minimum whilst retaining the viability of cells.
